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ARTICLE INFO ABSTRACT

Keywords: Glycoside hydrolase family 70 (GH70) glucansucrases produce a-p-glucan polysaccharides (e.g. dextran), which

a-p-glucan have different linkage composition, branching degree and size distribution, and hold potential applications in

Glucansucrase food, cosmetic and medicine industry. In addition, GH70 branching sucrases add single a-(1—2) or a-(1—3)

gzariczi“g sucrase branches onto dextran, resulting in highly branched polysaccharides with “comb-like” structure. The physico-
XL

chemical properties of these a-p-glucans are highly influenced by their linkage compositions, branching degrees
and sizes. Among these a-p-glucans, dextran is commercially applied as plasma expander and separation matrix
based on extensive studies of its structure and physico-chemical properties. However, such detailed information
is lacking for the other type of a-p-glucans. Aiming to stimulate the application of a-p-glucans produced by
glucansucrases, we present an overview of the structures, production, physico-chemical properties and (po-
tential) applications of these sucrose-derived a-p-glucan polysaccharides. We also discuss bottlenecks and future

Physico-chemical property

perspectives for the application of these a-p-glucan polysaccharides.

1. Introduction

In recent years, the ability of lactic acid bacteria to produce large
amounts of a-p-glucan exopolysaccharides from sucrose has drawn
strong attention for industrial applications (Badel, Bernardi, &
Michaud, 2011; Gangoiti, Pijning, & Dijkhuizen, 2018; Korakli & Vogel,
2006; Monsan et al., 2001; Ryan, Ross, Fitzgerald, Caplice, & Stanton,
2015; Zannini, Waters, Coffey, & Arendt, 2015). These sucrose-derived
a-p-glucan polysaccharides are highly valued products, which may find
wide applications in food, medicine and cosmetics (Badel et al., 2011;
Leemhuis et al., 2013; Monsan et al., 2001). Glycoside hydrolase family
70 (GH70) glucansucrase enzymes of lactic acid bacteria catalyze the
synthesis of these a-p-glucans using the low cost sucrose as the only
substrate (Leemhuis et al., 2013; Lombard, Golaconda Ramulu, Drula,
Coutinho, & Henrissat, 2014; Meng et al., 2016; Monchois, Willemot, &
Monsan, 1999). They differ from Leloir glycosyltransferase enzymes,
which require expensive nucleotide-activated sugars (e.g. UDP-glucose)
as donor substrates (Mestrom et al., 2019). Synthesis of a-p-glucans
thus represents an avenue to use sucrose as raw material to produce
value-added products.

* Corresponding author.

Notably, the synthesis of a-p-glucans from sucrose in lactic acid
bacteria generally only requires single GH70 glucansucrase enzyme,
which employs the a-retaining double displacement mechanism
(Korakli & Vogel, 2006; Leemhuis et al., 2013; Monchois, Remaud-
Siméon, Russell, Monsan, & Willemot, 1997, 1999). The (al<>f2)
linkage of sucrose is firstly cleaved with the formation of a 3-glucosyl-
enyzme covalent intermediate and the release of fructose. In the sub-
sequent step, the growing a-p-glucan chain attacks the -glucosyl-en-
yzme covalent intermediate, resulting in the transfer of the glucosyl
moiety to the non-reducing end of the a-p-glucan. Depending on the
glucansucrase enzyme, a wide diversity of a-p-glucan polysaccharides
can be produced, varying in linkage compositions, sizes and branching
degrees (Korakli & Vogel, 2006; Leemhuis et al., 2013; Meng et al.,
2016; Monchois et al., 1999). Based on the linkage composition (Fig. 1),
these a-p-glucan polysaccharides are classified into dextran with mainly
a-(1—6) linkages, mutan with predominate a-(1—3) linkages, alternan
with alternating a-(1—6) and a-(1—3) linkages, reuteran with mainly
a-(1—4) linkages. In addition, GH70 branching sucrases can add single
a-(1—2) or a-(1—3) branched residue onto dextran acceptor, resulting
in highly branched polysaccharides with comb-like structure (Moulis,
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Building blocks

c d
structure produced by branching sucrases (f)
(Brison et al., 2013; Naessens et al., 2005;
Vuillemin et al., 2016). Note: these composite
models were built by incorporating all known
structural units of these a-p-glucan poly-
saccharides to show their structural features
and do not represent the actual structure of
these a-p-glucan polysaccharides.
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Fig. 1. Composite model for the dextran syn-
thesized by Leuconostoc mesenteroides NRRL B-
512F (a) (Naessens et al., 2005), dextran syn-
thesized by Lactobacillus reuteri 180 (b) (van
Leeuwen, Kralj et al., 2008b), mutan produced
by Streptococcus mutans (c) (Davis et al., 1986;
Naessens et al., 2005; Nisizawa et al., 1977),
reuteran synthesized by L. reuteri 121 (d) (van
Leeuwen, Kralj et al., 2008a), alternan pro-
duced by L. mesenteroides NRRL B-1355 (e)
(Coté & Robyt, 1982; Naessens et al., 2005;
Seymour et al., 1977), and highly a-(1-2) or
a-(1—3) branched dextran with comb-like

Building block Code
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Andre, & Remaud-Simeon, 2016). For more details on the biosynthesis
of a-p-glucans by glucansucrase enzymes, readers are directed to pre-
viously published excellent reviews (Gangoiti et al., 2018; Korakli &
Vogel, 2006; Leemhuis et al., 2013; Meng et al., 2016; Moulis et al.,
2016; Ryan et al., 2015; Zannini et al., 2015). Overall, GH70 glu-
cansucrase enzymes are capable of producing a-p-glucans with different
linkage composition and size using single enzymes incubated with su-
crose, which is a great advantage for the production of tailor-made a-p-
glucans (Leemhuis et al., 2013). However, the applications of these a-p-
glucans are limited by the lack of data related to their detailed structure
and physico-chemical properties. In order to stimulate the bio-
technology community to further explore the production and applica-
tion of these a-p-glucans, we present the structures, production, phy-
sico-chemical properties and (potential) applications of a-p-glucan
polysaccharides synthesized by glucansucrase and branching sucrase
enzymes from sucrose in this review (Table 1). In particular, we also
discuss bottlenecks for the application of such polysaccharides and
propose future researches that have to be addressed to promote the
application of these a-p-glucan polysaccharides.

2. Brief overview of analytical methods for characterization of a-
p-glucans produced by glucansucrases

The a-p-glucans synthesized in vivo by lactic acid bacteria fermen-
tation or in vitro by glucansucrase enzymes at the lab scale are generally
isolated, separated and purified by ethanol precipitation and size ex-
clusion chromatography (van Geel-Schutten, Flesch, ten Brink, Smith, &
Dijkhuizen, 1998). The purified a-p-glucans are firstly subjected to
monosaccharide analysis, which can be achieved by complete hydro-
lysis of polysaccharides with sulfuric acid followed by high perfor-
mance anion exchange chromatography (HPAEC) analysis (Miao, Bai
et al.,, 2014). The monosaccharide analysis can also be performed by
methanolysis followed by trimethylsilylation, generating a mixture of
trimethylsilylated methyl glycosides, which can be analyzed by gas
chromatography mass spectrometry (GC-MS) (van Leeuwen, Kralj et al.,
2008b). After hydrolysis of polysaccharides, the monosaccharides can
also be acetylated generating alditol acetate derivatives for GC-MS
analysis (Pettolino, Walsh, Fincher, & Bacic, 2012).

The glycosidic linkage composition of purified a-p-glucans can be
assessed by 'H nuclear magnetic resonance (NMR) spectroscopy ana-
lysis based on the structural-reporter-group concept established for a-p-
glucans (van Leeuwen, Leeflang, Gerwig, & Kamerling, 2008). For a
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more detailed analysis of the different linkages, a-p-glucans can be sent
to methylation analysis to determine the ratio of different substituted
monosaccharides (Ciucanu & Kerek, 1984; Pettolino et al., 2012),
which is very useful for determining the relative amount of branching
linkages present in the a-p-glucan polysaccharides. The determination
of the exact structure of a-p-glucan polysaccharides can still not be
achieved. In order to determine the structural units present in the a-p-
glucan polysaccharides, they can be partially hydrolyzed by acid hy-
drolysis, resulting in a mixture of a-p-glucan oligosaccharides, which
can be fractionated, purified, and further structurally analyzed by 1D
and 2D 'H-'3C NMR based on the structural-reporter-group, and matrix
assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) (Munkel et al., 2019; van Leeuwen, Kralj et al.,
2008a, 2008b). a-b-Glucan polysaccharides can also be sent for 2D
1H-13C NMR analysis to determine the structural units present in the
polysaccharides and their linkage pattern (van Leeuwen et al., 2009,
2008a, 2008b). Furthermore, a-p-glucan polysaccharides can also be
hydrolyzed by specific enzymes, such as pullulanase, dextranase and a-
amylases, generating a mixture of oligosaccharides, which can be
analyzed by HPAEC (van Leeuwen, Kralj et al., 2008a). Based on all
these structural information obtained from the above analysis, com-
posite models can be built for a-p-glucan polysaccharides (Fig. 1), vi-
sualizing their structural features (van Leeuwen, Kralj et al., 2008a,
2008b). However, these composite models do not represent the actual
structure of a-p-glucan polysaccharides. The size and dispersity of a-p-
glucan polysaccharides can be determined either by a gel permeation/
size exclusion chromatography (GPC-SEC) system with multiangle laser
light scattering (MALLS) or asymmetrical flow field flow fractionation
(AF4) with MALLS (Bai, Dobruchowska, van der Kaaij, Gerwig, &
Dijkhuizen, 2016; Gaborieau & Castignolles, 2011; Irague et al., 2012;
Miao, Ma, Huang et al., 2015; Striegel, Isenberg, & Coté, 2009). How-
ever, it has been reported that a-p-glucan polysaccharide (alternan)
undergoes degradation during SEC analysis, resulting in inaccurate
determination of the molecular weight of a-p-glucans (Striegel et al.,
2009). The rheological properties of a-p-glucan polysaccharides can be
determined by rheometer (Irague et al., 2012; Miao, Bai et al., 2014;
Miao, Ma, Huang, et al., 2015). In addition, the nanoparticle size and
surface morphology of a-p-glucan polysaccharides can be determined
by dynamic light scattering (DLS) and scanning electron microscopy
(Miao, Ma, Huang et al., 2015; Wangpaiboon et al., 2018).

3. Dextran
3.1. Structure of dextran

Dextran was first described by Pasteur in 1861, who found a mi-
croorganism-derived substance (dextran) being responsible for the ge-
lification of sugarcane syrups (Monsan et al., 2001). Now, dextran is
defined as a homopolysaccharide which is composed of p-glucose re-
sidues with mainly a-(1—6) linkages (more than 50%). Typically,
dextran consists of consecutive a-(1—6) linkages in the backbone with
branching linkage of mainly a-(1—3), and occasionally a-(1—2) and a-
(1—4) linkages. The most widely studied dextran is the one produced
by Leuconostoc mesenteroides NRRL B-512F, which consists of 95% a-
(1—6) linkages and 5% oa-(1—3) branching linkage (Fig. 1a, Table 1)
(Monchois et al., 1997). There has been a controversy on the chain
length of branches in dextran. Sequential degradation studies on the
dextran produced by L. mesenteroides NRRL B-512F revealed that 40%
of the branching side chains contain only one glucosyl unit; 45% of the
branching side chains possess two glucosyl units, and the remaining are
longer than two glucosyl units (Larm, Lindberg, & Svensson, 1971).
Catalytic oxidation studies on the L. mesenteroides NRRL B-512F dex-
tran, and dextran 10 and 80 produced by Pharmacia AB from graded
hydrolysis of L. mesenteroides NRRL B-512F dextran showed that most of
the branching side chains contain more than one glucose residue
(Lindberg & Svensson, 1968). Enzymatic degradation (dextran-
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glucosidase) of L. mesenteroides NRRL B-512F dextran demonstrated
that this dextran may contain side chains up to 33 glucose residues
(Walker & Pulkowni, 1973). Dextran may consist of a mixture of dif-
ferent molecules, containing either short or long branched side chains.
Dextran produced by Weissella strains generally contain higher amounts
of a-(1—+6) linkages (> 97%) (Table 1) (Ahmed, Siddiqui, Arman, &
Ahmed, 2012; Kang, Oh, & Kim, 2009; Maina, Tenkanen, Maaheimo,
Juvonen, & Virkki, 2008). NMR analysis of the dextran produced by
Weissella confusa C39-2 revealed the presence of 97.2% a-(1—6) lin-
kages and 2.8% a-(1—3) linkages (Amari et al., 2013). Notably, dex-
transucrase of Weissella cibaria CMU (Kang et al., 2009) and glucansu-
crase DSRWC of W. cibaria (Kang et al., 2009), produce dextran with
only repeating glucopyranosyl units linked by a-(1—6) linkages. Lactic
acid bacteria isolated from sourdoughs, i.e. Lactobacillus curvatus 69B2
and Leuconostoc lactis 95A (Palomba et al., 2012), Lactobacillus animalis
TMW 1.971 (Ruhmkorf et al., 2013), are also reported to produce
dextrans with only a-(1—6) linkages. In contrast, glucansucrase Gtf180
of Lactobacillus reuteri 180 produced a dextran with a high proportion of
a-(1—3) linkages (33%) and structural analysis revealed that the dex-
tran produced by Gtfl80 contained both [—3)Glcp(1—] and [—
3,6)Glcp(1—] units, suggesting the presence of a-(1—3) linkages in the
backbone and in branches (Fig. 1b), respectively (van Leeuwen, Kralj
et al., 2008b). The sourdough isolate Lactobacillus brevis E25 was re-
ported to produce a similar dextran as that of L. reuteri 180 (Dertli,
Colquhoun, Cote, Le Gall, & Narbad, 2018). In addition, dextran
branched with a-(1—4) linkages (17%) was reported to be produced by
Lactobacillus reuteri TMW 1.106 (Ruhmkorf et al., 2013). Leuconostoc
citreum B-2, isolated from a homemade fermentation product of pine-
apple, synthesized a highly branched dextran with 19% a-(1—3) lin-
kages and a few a-(1—2) linkages (Feng et al., 2018).

Cryo-TEM and DLS analysis revealed that the dextran synthesized
by dextransucrase of L. mesenteroides D9909 displayed well-defined
spheroidal particles in solution, with diameters ranging from 100 to
450 nm (Semyonov, Ramon, Shoham, & Shimoni, 2014). The size of
dextran particles are reported to be dependent on the enzyme and
substrate sucrose concentration, and the reaction conditions (Semyonov
et al., 2014). The truncated dextransucrase DSRS vardel A4 N of L.
mesenteroides NRRL 512F synthesized dextran with a radius of gyration
of 157 nm under its optimal reaction condition with 292 mM sucrose
(Irague et al., 2012). In the same study, DSRS vardel /A4 N has been
engineered to generate several mutants, which produce dextran with a
radius of gyration ranging from 55 to 206 nm and also with different
ratios of a-(1—6)/a-(1—3) linkages. Three-dimensional structural
modeling revealed that dextran showed a random coil conformation,
containing less intra-molecular hydrogen bonds (Miao, Ma, Huang
et al,, 2015). The fine structure of dextrans, especially their con-
formations in solution, deserves further investigation.

3.2. Physico-chemical properties of dextran

The molecular weight of dextran produced by dextransucrase en-
zymes from different bacteria generally varies in the range of 9-500
MDa depending on the producing strains and enzymes. The size of
dextran synthesized by DSRS of L. mesenteroides NRRL B-512F was de-
termined to be over 108 Da (Irague et al., 2012). Seven different dextran
polymers, with 3-20% a-(1—3) linkages, were produced by mutants of
dextransucrase DSRS vardel /A4 N of L. mesenteroides NRRL B-512F
(Irague et al., 2013). The molar masses of these dextrans increase as the
amount of a-(1—3) linkage decreases, ranging from 0.76 to 6.02 X 108
Da (Irague et al., 2012). The dextransucrase DSR-OK of Oenococcus ki-
taharae DSM17330 synthesizes a dextran of over 10° Da, which is the
largest dextran reported to date (Vuillemin et al., 2018). Other typical
glucansucrases are also efficient polymerases, producing dextran of
high molar mass. Compared to DSRS, DSRM of Leuconostoc citreum
NRRL B-1299 exclusively and efficiently catalyzes the synthesis of a
linear dextran of low molar mass (27 kDa) (Claverie et al., 2017;
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Passerini et al., 2015). The medical applications of dextran mainly re-
quire dextran polymer with low molar mass i.e. 10, 40 and 70 kDa,
which are obtained by partial hydrolysis of native dextran and frac-
tionation (Naessens, Cerdobbel, Soetaert, & Vandamme, 2005; Spence,
Higgins, & Kimmel, 1952). Direct control of the size of the dextran
synthesized by glucansucrases enzymes would facilitate the production
of dextran with desired size and properties. However, our under-
standing of the mechanism of the size control of glucansucrase polymer
products is limited. Several studies have reported that domain V of
glucansucrase proteins shows glucan-binding capacity and plays critical
roles in the polymer size determination (Claverie et al., 2017, 2020;
Meng et al., 2015; Moulis et al., 2006; Osorio, Zuniga, Mendoza, Jana,
& Jimenez, 2019). Recently, amino acid residue close to catalytic site of
enzyme was also found to be important determinants of the length
distribution of the synthesized dextran (Claverie et al., 2019).

The a-(1—6) linked dextran polysaccharides represent very flexible
and extended polymers that are generally highly soluble in water. The
water solubility of different dextrans depends on their branched linkage
pattern and degree of branching (Xu & Zhang, 2016). Linear dextrans,
such as dextran produced by L. mesenteroides NRRL B-512F native en-
zyme, show higher solubility in water and their aqueous solutions
display Newtonian fluid properties (Vuillemin et al., 2018). In contrast,
some branched dextrans show non-Newtonian pseudoplastic behavior
and shear rate thinning effects in rheological analysis, as revealed by a
decrease of viscosity with an increase of shear rate (Das, Baruah, &
Goyal, 2014). However, it was reported that a quasi linear dextran
synthesized by DSR-OK of O. kitaharae DSM17330 [98.2 % a-(1—6)
and 1.8 % a-(1—3) linkage] displayed non-Newtonian properties
(Vuillemin et al., 2018). At low shear rates, its viscosity was found to be
much higher than dextran produced by DSRS, probably due to its higher
molecular weight (over 10° Da) and linearity (Vuillemin et al., 2018).
High solubility (24.5%) and water holding capacity (352%, expressed
as total weight after water adsorption *100%;/total dry polysaccharide
weight) were displayed by the dextran produced by dextransucrase
from Weissella cibaria JAGS8, suggesting its porous matrix structure
(Tingirikari, Kothari, & Goyal, 2014). The molecular weight of the
highly branched dextran produced by Leuconostoc citreum B-2 was 3.77
x 10° Da, and its water solubility index and water holding capacity
were determined to be 80% and 450%, respectively, suggesting its
texture improving properties (Feng et al., 2018). As a neutral poly-
saccharide, the viscosity of dextran is not influenced by pH or salt
concentration but depends on the concentration and molecular weight
of dextran, and temperatures (Xu & Zhang, 2016). The emulsion sta-
bility of W. cibaria JAG8 dextran was shown to be higher than that of
guar gum and sodium alginate, implicating its potential use as emul-
sifier in food industry (Tingirikari et al., 2014). Dextran polymers with
different percentages of a-(1—3) linkages (3%-20%) produced by
mutants of dextransucrase DSRS vardel /A4 N all demonstrate non-
Newtonian and nonthixotropic behaviors in solution (Irague et al.,
2012, 2013). Dextran Genl with 3% a-(1—3) linkages displays a quasi-
linear conformation while Gen6 and Gen7 with 15% and 20% a-(1—3)
linkages, respectively, are the smallest and mostly densely branched
(Irague et al., 2012). Interestingly, Genl was found to be able to form
rubber and flexible biofilms at ambient temperature without the addi-
tion of any plasticizer, supporting their use as novel biomaterials
(Irague et al., 2012). The dextran produced by L. mesenteroides NRRL B-
1498 was shown to display anti-corrosion properties, enabling its ap-
plication in protecting steel in humid and acidic environments
(Finkenstadt, Cote, & Willett, 2011). The physico-chemical properties of
diversedextrans produced by a large panel of glucansucrases remain
largely unknown, which has limited the broader application of dex-
trans.

3.3. Production of dextran

The majority of dextrans are synthesized by dextransucrases
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secreted by Leuconostoc, Streptococcus, Weissella and Lactobacillus spe-
cies (Leembhuis et al., 2013; Meng et al., 2016; Monchois et al., 1999).
The expression of dextransucrase by Leuconostoc is generally induced by
sucrose while Streptococcus strains constitutively express dex-
transucrases (Neely & Nott, 1962). The commercial production of
dextran is mainly achieved by culturing L. mesenteroides NRRL B-512F
in batch with sucrose (Karthikeyan, Rakshit, & Baradarajan, 1996).
Sucrose serves as carbon source for growth of L. mesenteroides NRRL B-
512F, as inducer for dextransucrase expression and as substrate of
dextransucrase for the synthesis of dextran. The produced dextrans are
precipitated with ethanol or methanol from the viscous culture. After
partial hydrolysis with diluted acid, dextrans of proper sizes are isolated
by fractionation (Naessens et al., 2005). The effects of fermentation
parameters, including pH, sucrose concentration, temperature, time
and cation ions (calcium) on dextran yield have been investigated and
optimized in detail (Hellman et al., 1955; Jeanes, Wilham, Tsuchiya, &
Haynes, 1957; Neely, 1958; Robyt & Walseth, 1979; Tsuchiya et al.,
1952, 1955). The yield of dextran reached 135 g/L using a strain of L.
mesenteroides under optimized conditions (Karthikeyan et al., 1996). L.
citreum B/110-1-2 has been employed for fermentative dextran pro-
duction from sugarcane molasses in a plant, yielding 1 ton/day of
technical grade dextran (Vidal et al., 2011). W. cibaria JAGS, isolated
from apple, produced 38 g/L dextran in unoptimized media (Table 1)
(Rao & Goyal, 2013). Cultivation of L. curvatus TMW 1.624, L. reuteri
TMW 1.106 and L. animalis TMW 1.971 in Homohiochii medium con-
taining 50 g/L sucrose produced 10.13 g/L, 9.24 g/L and 3.11 g/L a-p-
glucan polysaccharides, respectively (Ruhmkorf et al., 2013). An isolate
of Pediococcus pentosaceus was reported to produce linear dextran with a
yield of 10.2 g/L (Patel, Kasoju, Bora, & Goyal, 2010). Cultivating L.
citreun B-2 in Man-Rogosa-Sharpe (MRS) medium with 75 g/L sucrose
gave a yield of 28.3 g/L highly branched dextran, reaching 76% theo-
retical yield (Feng et al., 2018).

It is common that lactic acid bacteria encode multiple glucansucrase
enzymes and the production of dextran is prone to be affected by cul-
turing conditions (Meng et al., 2016; Munkel et al., 2019; Passerini
et al., 2015). Although commercial dextran has been produced by batch
fermentation of L. mesenteroides NRRL B-512F, alternative cell-free en-
zymatic processes have been investigated (Monsan & Lopez, 1981;
Monsan et al., 2001). Particularly, in the batch fermentation process,
the pH has influence on the production of dextransucrase enzyme by L.
mesenteroides NRRL B-512F and also on its activity and stability
(Tsuchiya et al., 1952, 1955). Unfortunately, the optimum pH for en-
zyme production and for its activity and stability are not the same. Use
of a cell-free enzymatic process could solve these problems. Further-
more, a cell-free enzymatic process allows tight control of different
dextran biosynthesis parameters (temperature, pH, and enzyme to
substrate ratio), resulting in products with lower dispersity. Hellman
NN. et al. examined effects of the addition of certain oligosaccharides
(i.e. maltose) or dextran of low molecular weight as primer, enzyme
concentration, sucrose concentration, and temperature on the synthesis
of clinical dextran (see below, Application of dextran) using a cell-free
enzyme preparation (Hellman et al., 1955). In particular, they found
that dextran of low molecular weight was preferable to maltose as
primer and the molecular weight of dextran produced increased with
the molecular weight of the primer. The sucrose concentration was also
found to be critical for controlling the molecular sizes and degree of
branching of dextran synthesized (Kim, Robyt, Lee, Lee, & Kim, 2003).
At higher sucrose concentrations, the size of dextran produced de-
creased whereas the degree of branches increased. The cell-free enzy-
matic process also allows immobilization of dextransucrase enzymes
(Kaboli & Reilly, 1980; Lopez & Monsan, 1980; Monsan & Lopez, 1981).
Kaboli H. et al. investigated the properties of immobilized dex-
transucrase of L. mesenteroides NRRL B-512F and showed that there was
no significant change compared to the free soluble enzyme (Kaboli &
Reilly, 1980). Monsan P. et al. investigated the production of dex-
transucrase enzymes by L. mesenteroides NRRL B-512F in a semi-
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continuous process with slow addition of concentrated sucrose and
purified the dextransucrase enzymes from the fermentation broth
(Monsan & Lopez, 1981). Then, dextransucrase enzymes were im-
mobilized onto amino-Spherosil support activated with glutaraldehyde
and clinical dextran with less dispersity was synthesized by the im-
mobilized enzymes (Monsan & Lopez, 1981).

Except for partial acid hydrolysis, hydrolysis of dextran catalyzed by
dextranase has also been explored for the production of dextran with
specific size. Kim & Day assessed the production of clinical dextran by
mixed-culture fermentation of Lipomyces starkeyi ATCC 74054 and
Leuconostoc mesenteroides ATCC 10830, which produce dextranase and
dextransucrase, respectively (Kim & Day, 1994). The dual enzyme
system of dextransucrase and dextranase was also employed for the
synthesis of dextran with different size (from 7 kDa to 20 kDa) (Gan,
Zhang, Zhang, & Hu, 2014). However, the industry still employs the
conventional fermentation of L. mesenteroides strains for the production
of commercial dextran. Several reasons may account for not adopting
enzyme-based processes for industrial dextran production. First, the
production costs may not be reduced by use of the cell-free enzymatic
system; in contrast, the extra step of dextransucrase synthesis even may
increase the total cost. Second, the yield of dextran production may not
increase. Third, a new process for the enzymatic synthesis and se-
paration of dextran at industrial scale has to be developed, requiring
strong efforts. Fourth, the safety data for products of such new cell-free
enzymatic processes have to be collected and approved prior to their
applications, potentially a lengthy and costly step.

3.4. Application of dextran

In the medical industry, dextrans with a molecular size between
40—100 kDa are used as blood plasma volume expander for emergency
treatment of blood loss and are recognized as clinical dextran (Fig. 2)
(Bergentz, 1978; Koster, Sele, Schwartz, & Sindrup, 1957; Naessens
et al., 2005; Shoemaker, 1976; Spence et al., 1952). Clinical fractions of
dextran with molecular weights of 70 000, 60 000 and 40 000 Da
(designated dextran 70, 60 and 40) are at present available for repla-
cing moderate blood losses (Naessens et al., 2005; Spence et al., 1952).
L. mesenteroides NRRL B-512F has been selected for clinical dextran
production, due to the better effects of this dextran as a plasma volume
expander. The high percentage of a-(1—6) linkages in dextran pro-
duced by L. mesenteroides NRRL B-512F (95%) imparts it higher water
solubility, lower viscosity and good water-holding capacity, which is
desirable for blood plasma expander (Jeanes et al., 1954; Naessens
et al., 2005). Dextran 70 and dextran 40 are used at 6% and 10%
concentrations, respectively, in normal saline solution. To reduce the
risk of anaphylactic reactions, a small volume of dextran with low
molecular weight (1000 Da) is used prior to dextran 70 or dextran 40
(Richter & Hedin, 1982). For medical applications, dextran sulfate has

Food : Food ingredient
to improve the texture of
bakery products and
beverage; Prebiotic and
Dietary fiber

Fig. 2. Schematic representation of the most important applications of dextran
produced by glucansucrase enzymes.
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also been investigated as a heparin substitute (anticoagulant), however,
it only showed up to 15% of the activity of heparin (Ricketts, 1952;
Ricketts et al., 1953).

The use of dextran produced by L. mesenteroides NRRL B-512F as
novel food ingredient in bakery has been authorized by the European
Commission in 2000 (Naessens et al., 2005). Specifically, the use of
dextran produced primarily by L. mesenteroides NRRL B-512F, which
contains mainly linear a-(1—6) linkages and a few a-(1—3) branches
with a size ranging from 1-2 MDa, in bread baking, has been author-
ized. Bakery products with dextran have improved softness and in-
creased volume (Fig. 2) (Sandra et al., 2012). Specifically, dextran has
been used to improve the texture and mouthfeel of gluten-free bread
(Galle et al., 2012). The in situ production of dextran in sourdough has
been used to improve the sourdough fermentation process and hence
the quality of bread (Galle et al., 2012; Kajala et al., 2015; Katina et al.,
2009; Sandra et al., 2012). Dextran was produced in wheat bran using
dextransucrase Wc392-rDSR of Weissella confusa VIT E-90392, gen-
erating wheat bran containing 8.1% dry weight of dextran (Kajala et al.,
2015). Supplementation of 20% such wheat bran with dextran in wheat
baking resulted in significantly improved bread softness and reduced
volume loss, clearly showing the potential of using dextran in baking
(Kajala et al., 2015). The in situ produced dextran in traditional fer-
mented beverage is important for the viscosity, texture, stability and
mouthfeel of the products (Rao & Goyal, 2013; Waldherr, Doll,
Meissner, & Vogel, 2010). Dextran was also shown to be a potential
prebiotic or a dietary fiber in functional food (Olano-Martin,
Mountzouris, Gibson, & Rastall, 2000; Tingirikari et al., 2014): the a-
(1—6) linkages of dextran are resistant to digestive enzymes, however,
dextran is fermentable by beneficial microbes. For example, the dextran
produced by dextransucrase from W. cibaria JAG8 was resistant to hy-
drolysis by simulated gastric juice and digestion by a-amylase
(Tingirikari et al., 2014). Growth of probiotic strains such as Bifido-
bacterium animalis subspecies lactis, Bifidobacterium infantis and Lacto-
bacillus acidophilus was comparably stimulated by W. cibaria JAG8
dextran and commercial prebiotic inulin, while the growth of Escher-
ichia coli was not enhanced (Tingirikari et al., 2014). The use of dextran
in animal feed is also authorized to be generally regarded as safe
(GRAS) status by the Food and Drug Administration (FDA). Many other
potential food applications for dextran have been reported, e.g. as
emulsifying and thickening agents, and as high-viscosity gums
(Naessens et al., 2005).

Pharmacia cross-linked dextran using epichlorohydrin and glycerol,
resulting in a product named Sephadex, which has been widely ex-
plored as separation matrix for the separation of proteins, carbohy-
drates and other biological molecules, based on their sizes, charges and
other properties (Fig. 2) (Flodin, 1961; Naessens et al., 2005). It has
also been shown that the conjugation of drugs, enzymes and other
biological active molecules with dextran improves their span life time,
stability, activity and targeted delivery (Herman, Persijn,
Vandekerckhove, & Schacht, 1993; Molteni, 1985). Enzymatically
synthesized dextran nanoparticles were also evaluated to entrap a hy-
drophobic nutraceutical, the isoflavone genistein (Semyonov et al.,
2014). Under optimized conditions (pH 5.2-6 and sucrose concentra-
tion > 0.5 M), dextransucrase from L. mesenteroides D9909 synthesized
spherical dextran nanoparticles (100-450 nm), which were shown to
entrap 5.6 g genistein per 100 g particles, implying the potential use of
dextran nanoparticles as a platform for delivering non-soluble bioactive
chemicals in foods and/or pharmaceuticals (Fig. 2). Fang Y. et al. at-
tached glucose or maltose as self-assembly monolayer on the gold
surface and used the dextransucrase to elongate the attached glucose or
maltose, forming the dextran brushes on the surface (Fang, Wu, & Xu,
2015). These polysaccharide brushes have great potential for biome-
dical applications, especially for detecting saccharide-protein interac-
tions (Fang et al., 2015).

Various reports evaluate the global market for dextran, e.g. https://
www.reportsanddata.com/report-detail/global-dextran-market-2017-
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forecast-to-2022. The readers are directed to this report, which cate-
gorizes the dextran market based on manufacturers, regions, type and
applications.

4. Other a-p-glucan polysaccharides synthesized by GH70
glucansucrases and branching sucrases from sucrose

4.1. Mutan

Mutans are water-insoluble glucopolysaccharides, consisting of
mainly consecutive a-(1—3) linkages in the glucan chain backbone.
However, methylation analysis showed that they also contain a min-
ority of consecutive a-(1—6) linkages and a-(1—3,6)-p-Glcp branches
(Nisizawa, Imai, & Araya, 1977). Mutans are generally produced by
mutansucrase from Streptococcus strains and are associated with the
development of dental caries (Bowen & Koo, 2011). Structural analysis
of a water-insoluble a-p-glucan produced by S. mutans 6715 revealed
the presence of continuous 67% a-(1—3) linkages in the backbone and
33% a-(1—6) linkages extending linearly from the branches (Fig. 1c,
Table 1) (Davis, Hines, & Edwards, 1986). Streptococcus salivarius HHT
produced a water-insoluble a-p-glucan containing high proportion of a-
(1—3) linkages (80%) and short side chains of a-(1—4) and a-(1—6)
linkages (Tsumuraya & Misaki, 1979). Various mutans (water-insoluble
a-p-glucans) are also produced by Leuconostoc and Lactobacillus strains
(Coté & Skory, 2012; Jeanes et al., 1954; Kralj et al., 2004; Pearce,
Walker, Slodki, & Schuerch, 1990). DSRI of L. mesenteroides NRRL B-
1118 produces a water-insoluble a-p-glucan, containing predominately
a-(1—3) linkages (Table 1) (Coté & Skory, 2012). L. reuteri ML1 en-
codes a glucansucrase enzyme GtfML1, synthesizing a a-p-glucan with
65 % of a-(1—3) linkages (Kralj et al., 2004). Structural analysis of a a-
p-glucan polysaccharide produced by a mutant strain of L. mesenteroides
NRRL B-1355 (L. mesenteroides R1510) revealed the presence of linear
a-(1—3) and a-(1—+6) linkages, and branching a-(1—2) and a-(1—3)
linkages (Coté, Ahlgren, & Smith, 1999). This a-p-glucan may be a graft
polymer synthesized by combined actions of several glucansucrase en-
zymes, considering that a single glucansucrase generally catalyzes the
synthesis of only two types of a-glycosidic linkage (Coté et al., 1999).
The glucansucrases Lr1215 and Lr2135 of L. citreum TMW 2.1194 also
catalyze the synthesis of water insoluble a-p-glucans with significant
portions of consecutive a-(1—3) linkages (Munkel et al., 2019).

The physico-chemical properties of mutan have not been ex-
tensively studied due to its water insolubility. The hygroscopicity of the
mutan powder produced by S. mutans was similar to that of corn starch,
and the mutan solution displayed non-Newtonian and shear-thinning
behavior (Masumoto et al., 1987). Scanning electron microscope ex-
amination of the water-insoluble a-p-glucan produced by S. mutan
20381 revealed a fibrillary structure consisting of granular formations
(Wiater, Choma, & Szczodrak, 1999). Wiater A. et al. investigated the
fermentative production of mutan using three different S. mutan strains
(S. mutan 6067, S. mutan 20381 and Streptococcus sobrinus 6070) in four
different media (complex and synthetic) (Wiater et al., 1999). S. mutan
20381 produced the largest amounts of water-insoluble a-p-glucans
(about 400 mg/L) in brain-hear infusion broths (Wiater et al., 1999).
The optimum conditions for the production of water-insoluble a-p-
glucan (mutan) by S. mutans strains were determined as 15% (w/w) of
sucrose, pH 7.5 and 37 °C, which yielded 4 g/L water insoluble a-p-
glucan (Masumoto et al., 1987). Wiater A. et al. optimized the condi-
tions of Streptococcus sobrinus CCUG 21020 mutan production,
achieving a yield of 2.2 g/L (Wiater, Szczodrak, & Pleszczynska, 2005).
Lactobacillus satsumensis NRRL B-59839, isolated from water Kkefir
starter cultures, produced a significant amount of water-insoluble a-p-
glucan (3.6 g/L) with high proportion of a-(1—3) linkages (about 40%)
(Coté, Skory, Unser, & Rich, 2013). Using Drsl of L. mesenteroides NRRL
B-1118, factors influencing the enzymatic synthesis of water-insolube
a-p-glucan from sucrose were investigated (Coté & Skory, 2015). Both
substrate and enzyme concentrations significantly affected the yield of
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water-insoluble a-p-glucan and the optimum sucrose concentration was
determined to be 0.3 —0.4 M with 1.7 U/mL of enzyme. Moreover, the
addition of soluble dextran was also observed to increase the yield of
insoluble a-p-glucan, probably because the added soluble dextran acted
as the primer to stimulate the activity of Dsrl and its a-p-glucan
synthesis (Coté & Skory, 2015). Therefore, the above studies show that
optimum conditions for mutan production are highly dependent on the
particular enzymes and strains used. In order to produce insoluble
mutans using cell-free enzymes, DsrI of L. mesenteroides was expressed
as a secreted protein in Lactococcus lactis (Skory & Coté, 2015). The
yield of the recombinant enzyme was 150-fold higher than the native L.
mesenteroides strain, reaching 380 mg/L in the culture media. However,
compared to dextran, the production of mutan has received less at-
tention and to our best knowledge the water-insoluble mutan is not
commercially available yet.

No specific commercial applications have been developed for mu-
tans yet, but also have not been explored to any great extent. However,
mutans are major dental caries pathogenic factors, and their roles in
biofilm formation have been extensively studied (Bowen & Koo, 2011).
One example is the mutan produced by S. mutans, one of the main
components of dental caries biofilms (Emilson, Nilsson, & Bowen,
1984). S. mutans strains with a high mutansucrase activity were more
cariogenic than those with little mutansucrase activity (Wenham,
Davies, & Cole, 1981). The water-insoluble mutans facilitate adherence
of microorganisms to smooth surfaces (e.g. tooth enamel). GtfB (for-
merly known as Gtf-I) and GtfC (Gtf-SI) of S. mutans synthesize water-
insoluble a-p-glucans with mainly a-(1—3) linkages (Shiroza, Ueda, &
Kuramitsu, 1987; Ueda, Shiroza, & Kuramitsu, 1988). S. mutans also
produces a third glucansucrase enzyme [GtfD (Gtf-S)], catalyzing the
synthesis of water-soluble a-p-glucan with mainly a-(1—6) linkages
(Hanada & Kuramitsu, 1989). Inactivation of any of these three glu-
cansucrase enzymes resulted in a reduction of smooth-surface carious
lesions in the specific pathogen-free rat model system (Yamashita,
Bowen, Burne, & Kuramitsu, 1993). Using Gtf-deficient S. mutan mu-
tants, it was reported that the sucrose-dependent adherence to tooth
surface was related to all 3 Gtf enzymes at an optimum ratio (Ooshima
et al.,, 2001). Interestingly, most Streptococcus strains (i.e. S. sobrinus
6715 and Streptococcus downei Mfe28) encode both a glucansucrase
producing water-insoluble a-p-glucans and a glucansucrase producing
water-soluble a-p-glucans (Gilmore, Russell, & Ferretti, 1990; Walker,
Cheetham, Taylor, Pearce, & Slodki, 1990). Apparently, the presence of
both these water-(in)soluble a-p-glucans enhances the adherence of the
microorganism to the smooth surface. Recently, Hyun-Jung Kwon et al.
showed that mutan produced by S. mutans promoted alveolar bone loss
in rat maxillae, which suggest a molecular mechanism for the in-
flammation induced by S. mutans during the establishment of period-
ontal disease (Kwon et al., 2016). Favorable biological activity of mutan
has also been reported. It was shown that the water-insoluble a-p-
glucan produced by S. mutan OMZ176 stimulated the alternative
pathway of the complement system in human serum for im-
munomodulatory protein activation (Table 1) (Inal, Nagaki, Ebisu,
Kato, & Kotani, 1976). Both the consecutive a-(1—3) backbone (65%)
and the side chains containing a-(1—6) linkages (35%) were essential
for the activation of the complement system. Considering the water
insolubility of mutan, some other applications can be anticipated, in-
cluding its use as a carrier for encapsulation technology, bioplugging
and the production of biocompatible films and fibers (Coté & Skory,
2015).

4.2. Reuteran

Reuterans are glucopolysaccharides consisting of mainly con-
secutive a-(1—4) linkages and single a-(1—6) linkages in the glucan
chain backbone, and a-(1—4,6) branches (Fig. 1d). Structural analysis
of the reuteran produced by GtfA of L. reuteri 121 revealed the presence
of 58% a-(1—4) and 42% a-(1—6) linkages, with a size of 34.6 MDa
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(Table 1) (Bai et al., 2016; van Leeuwen, Kralj et al., 2008a). It is built
up from maltose, maltotriose, and maltotetraose elements with single a-
(1—6) linkages, showing mainly a glucose backbone with alternating a-
(1—4) and a-(1—6) linkages, and 4,6-substituted branches (Fig. 1d)
(van Leeuwen, Kralj et al., 2008a). The terminal residues are mostly a-
p-Glcp-(1—4)- units with minor amounts of a-p-Glcp-(1—6)- units.
Methylation studies showed that this reuteran consists of terminal, 4-
substituted, 6-substituted and 4,6-disubstituted a-p-glucosyl residues in
a molar ratio of 14, 46, 26 and 14% (van Leeuwen, Kralj et al., 2008a).
The reuteran polysaccharide produced by GtfO of Lactobacillus reuteri
ATCC 55730 composed of 80% a-(1—+4) linkages and 20% a-(1—6)
linkages, suggesting the presence of large amounts of consecutive a-
(1—4) linkages instead of alternating a-(1—4) and a-(1—6) linkages
(Kralj et al., 2004). Similarly, the exopolysaccharide produced by L.
reuteri SK24.003 possesses predominate a-(1—4) linkages (80%) and
fewer a-(1—6) linkages (20%) with a size of 43.1 MDa and a radius of
gyration of 43.6 nm (Table 1) (Miao, Ma et al., 2014). Scanning elec-
tron microscope analysis showed that L. reuteri SK24.003 a-p-glucan
displayed like a cementitious material with a porous network form.
Structural modelling of L. reuteri SK24.003 a-p-glucan demonstrated
that its a-(1—4)/a-(1—6) backbone and branches packed into helical
groove, generating a helical conformation in solution (Miao, Ma, Huang
et al., 2015). The viscosity of L. reuteri SK24.003 a-p-glucan increased
linearly at the concentration range of 3.0-20%, however, its viscosity is
significantly lower than that of dextran (Miao, Ma, Huang et al., 2015).
But at concentrations above 10%, the viscosity of L. reuteri SK24.003 a-
p-glucan is much higher than that of arabic gum at equivalent con-
centrations. The solution of L. reuteri SK24.003 a-p-glucan exhibited
non-Newtonian pseudoplastic behavior and the viscosity of L. reuteri
SK24.003 a-p-glucan solution dramatically decreased with increasing
shear rate from 0.01 to 100 L/s. The production of reuteran has been
reported for a limited number of L. reuteri strains. Fermentation of L.
reuteri SK24.003 in MRS medium with 100 g/L sucrose produced 40.8
g/L reuteran (Miao, Ma, Huang et al., 2015; Miao, Ma, et al., 2014)
while cultivation of L. reuteri 35—5 (mutant of L. reuteri 121) in the
same medium produced 9.8 g/L reuteran (Van Geel-Schutten et al.,
1999).

Reuteran applications have not been comprehensively explored.
However, reuteran has been reported to be a potential prebiotic. The in
vitro fermentation of extracellular a-p-glucan produced by L. reuteri
SK24.003 by human fecal microbiota remarkably increased the short
chain fatty acid production, including acetic acid, propionic acid and n-
butyric acid (Miao, Ma, Jiang et al., 2015). Notably, the production of
n-butyric acid at 48 h fermentation reached 1.29 mM, a value higher
than that seen with commercial prebiotic oligosaccharides (Miao, Ma,
Jiang et al., 2015). The commensal gut microbial species Bacteroides
thetaiotaomicron, equipped with abundant CAZymes (Lombard et al.,
2014), was shown to only partially utilize the reuteran produced by L.
reuteri 121 (van Bueren, Saraf, Martens, & Dijkhuizen, 2015), indicating
that the alternating a-(1—4)/a-(1—6).backbone with branching lin-
kages made the reuteran difficult to be degraded, requiring specific
enzymes, such as pullulanases. Feeding the weanling pig with reuteran-
producing L. reuteri significantly reduced the colonization of en-
terotoxigenic Escherichia coli, implicating the use of reuteran to improve
the health of livestock (Yang, Galle, Le, Zijlstra, & Ganzle, 2015). The
reuteran of L. reuteri TMW 1.656 was reported to display anti-adhesive
properties, which reduce enterotoxigenic effects of E.coli in piglets
(Chen, Woodward, Zijlstra, & Ganzle, 2014), and it was also shown to
improve the bread volume and softness (Chen, Levy, & Ganzle, 2016).

4.3. Alternan

The production of alternan has mainly been reported for strains of L.
mesenteroides and L. citreum. Initially, a glucansucrase from L. me-
senteroides NRRL B-1355 was found to synthesize a high molecular
weight polymer containing alternating a-(1—6) and a-(1—3) linkages
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(Fig. 1e) (Coté & Robyt, 1982). Thus, this a-p-glucan was named al-
ternan and its corresponding glucansucrase as alternansucrase (Coté &
Robyt, 1982). Alternan is a branched a-p-glucan with 7-11 % 3,6-
substituted-p-glucosyl residues (Seymour, Slodki, Plattner, & Jeanes,
1977). L. citreum ABK-1 also encodes an alternansucrase LcALT, which
catalyzes the synthesis of a a-p-glucan with 60% a-(1—6) linkages and
40% o-(1—3) linkages (Table 1) (Wangpaiboon et al., 2018). Structural
analysis by 2D NMR and methylation analysis showed that a-p-glucan
synthesized by LcALT contains irregularly alternating a-(1—6)-linked
and a-(1—3)-linked glucosyl residues. Alternan-producing L. mesenter-
oides and L. citreum strains have also been isolated from sourdoughs and
the genes encoding alternansucrases were confirmed by partial se-
quence analysis (Bounaix et al., 2010). L. citreum SK24.002, isolated
from Chinese traditional pickled vegetables, was found to produce a a-
p-glucan polysaccharide with a-(1—6)-substituted and a-(1—3)-sub-
situted glucopyranosyl residues at a ratio of 5:4 (Table 1) (Miao, Bai
et al., 2014; Miao, Jia, Jiang, et al., 2016). Molecular characterization
using 2D NMR spectroscopy confirmed the presence of predominately
alternating a-(1—6) and a-(1—3) linkages (Miao, Jia, Hamaker et al.,
2016). L. citreum L3C1E7, isolated from Pico cheese, produced alternan
with a similar ratio of a-(1—6) and a-(1—3) linkages to that of L. ci-
treum SK24.002 (Domingos-Lopes, Lamosa, Stanton, Ross, & Silva,
2018). The molecular size of L. citreum SK24.002 and L. citreum L3C1E7
alternans were determined as 46.2 MDa and 5.88 MDa, respectively
(Table 1) (Domingos-Lopes et al., 2018; Miao, Jia, Jiang et al., 2016).

L. citreum SK24.002 was reported to produce 35 g/L alternan in MRS
containing 100 g/L sucrose (Table 1) (Miao, Bai et al., 2014) while L.
citreum L3C1E7 only produced 515.8 mg/L alternan in MRS with 50 g/L
sucrose (Domingos-Lopes et al., 2018). Alternan has also been produced
in potato tubers by expressing the asr gene of L. mesenteroides NRRL B-
1355 in potato, yielding 1.2 mg/g fresh weight (Kok-Jacon et al., 2007).

Alternan displays low viscosity, high water solubility and strong
resistance to enzymatic hydrolysis (Coté, 1992), making it suitable for
the production of ingredients for functional foods such as potential
prebiotics. In vitro fermentation of the L. citreum SK24.002 a-p-glucan
polysaccharides by human faecal microbiota significantly increased the
bacterial population and reduced the pH of fermentation by producing
short chain fatty acids (Table 1) (Miao, Jia, Hamaker et al., 2016). The
radius of gyration of L. citreum SK24.002 a-p-glucan was determined to
be 37.8 nm (Miao, Bai et al., 2014). At low concentrations (< 10%) in
aqueous solution, the alternan produced by LcALT of L. citreum ABK-1
undergoes a self-assembly process to form nanoparticles with an
average size of 90 nm (Wangpaiboon et al., 2018). At increasing con-
centrations of the LcALT alternan, the viscosity of the solution in-
creased. At concentrations above 12.5%, the nanoparticles formed by L.
citreum ABK-1 alternan disassembled and an opaque gel was formed.
The formation of nanoparticles or an opaque gel thus can be inter-
converted in an alternan concentration dependent manner, which
makes alternan a very promising candidate for drug encapsulation ap-
plications (Wangpaiboon et al., 2018). In addition, a clear transparent
film was formed upon drying the LcALT alternan solution, although it
was fragile. Truncation of 3 and 7 of the SH3-like repeats in the C-
terminus of the LcALT (A3SHALT and /\7SHALT) protein had no in-
fluence on the linkage composition of alternan products (Wangpaiboon
et al., 2019). However, the average nanoparticle size of alternan pro-
duced by both truncation mutants reduced to 80 nm (Wangpaiboon
et al., 2019). The concentrations, required for forming the gel like
states, increased to 15% and 20%, respectively, for the /AASSHALT and
/A\7SHALT polymer (Wangpaiboon et al., 2019). These results imply
that subtle differences in the structure of the a-p-glucan produced can
significantly alter their physico-chemical properties. Treatment of al-
ternan with ultrasonification or spores from Penicillium spp. reduced its
molecular weight and generated alternan derivatives with similar
rheological properties to those of commercial arabic gum, providing
new applications for alternan (Coté, 1992; Leathers, Naunnally, & Cote,
2002; Leathers, Nunnally, Ahlgren, & Cote, 2003; Leathers, Nunnally, &
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Cote, 2009). In addition, alternan has been shown to promote the cell
proliferation, migration and differentiation of human mesenchymal
stem cells (Charoenwongpaiboon et al., 2019), showing promising
medical applications of alternan.

4.4. Highly branched a-p-glucans synthesized by GH70 branching sucrases

In addition to typical glucansucrases, the GH70 family also hosts a
distinct group of enzymes, designated branching sucrases (Moulis et al.,
2016). Unlike typical glucansucrases, branching sucrases mainly cata-
lyze the hydrolysis of sucrose and do not synthesize a-p-glucan poly-
saccharides when only sucrose is present (Moulis et al., 2016). Typi-
cally, upon the addition of dextran as acceptor substrate, branching
sucrases catalyze the synthesis of a-(1—2) or a-(1—3) linked single
glucosyl unit branches onto dextran, generating highly branched (up to
50%) dextran with “comb” like structure (Fig. 1f) (Moulis et al., 2016).
Initially, L. citreum NRRL B-1299 was shown to synthesize dextran
containing up to 35% a-(1—2) linked single-glucosyl-unit branches
(Kobayashi & Matsuda, 1977). The glucansucrase DSRE encoded by L.
citreum NRRL B-1299 was shown to contain two catalytic domains (CD1
and CD2) interconnected by a central glucan-binding domain (GBD)
(Bozonnet et al., 2002). DSRE-CD1 was proven to be a dextransucrase
while DSRE-CD2 was characterized as branching sucrase, catalyzing the
synthesis of a-(1—2) branches (Table 1) (Fabre et al., 2005). Recently,
five other branching sucrases with similar activity were identified by
genome sequencing and database mining. Among these, Brs-B of Leu-
conostoc citreum NRRL B-742 (Vuillemin et al., 2016), Brs-C of Leuco-
nostoc fallax KCTC3537 (Vuillemin et al., 2016) and GtfZ-CD2 of Lac-
tobacillus kunkeei DSM 12361 (Meng et al., 2018) were found to
synthesize a-(1—3) branches while Brs-A of L. citreum NRRL B-1299
(Passerini et al., 2015) and Brs-D of Lactobacillus kunkeei EFB6
(Passerini et al., 2015) catalyze the synthesis of a-(1—2) branches
(Table 1). Importantly, the percentage of a-(1—2) or a-(1—3) branches
in the products synthesized by these branching sucrases can be kineti-
cally controlled by varying the [Sucrose]/[Dextran] ratio (Brison et al.,
2010; Vuillemin et al., 2016). For example, using DsrE-CD2, dextrans
with controlled amounts of a-(1—2) branches ranging from 13 to 40%
were synthesized by varying the initial molar ratio of [Sucrose]/[Dex-
tran] from 0.12 to 4.74 (Brison et al., 2010). Structural analysis of
branched glucooligosaccharide products of DSRE-CD2 revealed that it
catalyzes branching at random positions of dextran and eventually can
glucosylate vicinal a-(1—6)-linked p-Glcp units through the formation
of a-(1—2) linkages (Brison et al., 2013). The synthesis of a-(1—2)
branched glucooligosaccharides from sucrose and maltose by L. citreum
NRRL B-1299 was optimized and the [Sucrose/Maltose] ratio was de-
termined to be essential parameters for the yield of branched glucoo-
ligosaccharides (Dols-Lafargue, Willemot, Monsan, & Remaud-Simeon,
2001).

The presence of a-(1—2) or a-(1—3) branches in branched dextrans
renders them resistant to the hydrolysis by digestive enzymes of both
humans and animals (Sarbini et al., 2011; Valette et al., 1993). More-
over, the resistance to hydrolysis by digestive enzymes i.e. glucoamy-
lase and endodextranase, increased at higher a-(1—2) or a-(1—3)
branching percentages (Brison et al., 2013). Instead, beneficial in-
testinal microbiota, e.g., Bifidobacteria, Lactobacilli and Bacteroides are
capable of metabolizing these branched dextrans while detrimental
strains poorly metabolize these a-p-glucans (Djouzi et al., 1995; Sarbini
et al., 2011). In addition, the fermentation of these branched dextrans
considerably increased the production of short chain fatty acids, such as
acetate, propionate and butyrate (Sarbini et al., 2011). These char-
acteristics illustrate that highly branched dextrans are potential pre-
biotics to improve intestinal health. The combination of dextransucrase
DSR-OK from O. kitaharae DSM17330 with branching sucrase Brs-A
from L. citreum NRRL B-1299 or Brs-B/A\1 from L. citreum NRRL B-742
produced new branched dextrans with high molecular weight (over 10°
Da), which showed good film-forming properties (Faucard et al., 2018).
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5. Prospectives

a-p-Glucan polysaccharides produced by GH70 glucansucrases de-
rived from lactic acid bacteria hold great potential for applications in
the food, cosmetic and medicine industry. A variety of a-p-glucans with
different linkage compositions, branching degrees and sizes has been
reported (Meng et al., 2016; Monchois et al., 1999; Monsan et al., 2001;
Moulis et al., 2016). Among these a-p-glucans, only dextrans synthe-
sized by DSRS from L. mesenteroides NRRL B-512F are commercialized,
mainly for analytical and therapeutic applications (Naessens et al.,
2005). This is probably because, on the one hand, dextran is the most
studied a-p-glucan polysaccharide with respect to both structure and
physico-chemical properties. On the other hand, the larger scale pro-
duction of dextran by fermentation has been developed. This facilitates
fundamental and applied research towards its properties, and its ap-
plication at industrial scale. The applications of other type of a-p-glu-
cans (mutan, reuteran, alternan and highly branched a-p-glucan) pro-
duced by glucansucrase enzymes are limited by the lack of data related
to their detailed structure and physico-chemical properties. Expanding
the knowledge of the physico-chemical properties of these a-p-glucans
is urgently needed and may pave the way for their rational applications.
Especially, the highly branched “comb-like” a-p-glucans synthesized by
branching sucrases may show novel physico-chemical properties
(Moulis et al., 2016). The relatively low yields currently achieved for
production of other a-p-glucans is another important cause for lack of
their commercial exploration. The production of various a-p-glucans in
large quantities and reliable quality at sufficient low cost remains to be
developed for successful applications. For the development of com-
mercial production of a-p-glucans by enzymatic synthesis, efficient
expression systems for glucansucrase enzymes are required. Moreover,
the GRAS status of most a-p-glucan-producing lactic acid bacteria raises
the potential of in situ production of texturing and bioactive a-p-glu-
cans for food applications, in which the production and purification of
a-p-glucans is not needed.

a-p-Glucan polysaccharides produced from sucrose by glucansu-
crase enzymes have not been widely selected for commercial use.
Among others, the most important factor is the price of a-p-glucan
polysaccharides from sucrose. Innovations for higher-value added
products like pharmaceutical and functional food application are ne-
cessary to promote the commercial utilization of a-p-glucan poly-
saccharides from sucrose. Exploring the nanoparticles formed from a-p-
glucans for drug delivery represent promising high-value applications.
In addition, accumulated evidence has shown that a-p-glucans pro-
duced by glucansucrases have prebiotic potential and may find appli-
cations as novel ingredients in functional food to improve intestinal
health.

Funding information

This work was supported by National Key R&D Program of China
(2019YFA0905700), National Natural Science Foundation of China
(31800047, 31970071), Major Basic Research of Shandong Provincial
Natural Science Foundation (ZR2019ZD19), Shandong Provincial
Natural Science Foundation (ZR2018BC006, ZR2018BC056), China
Postdoctoral ~ Science Foundation (2017M622186), Shandong
Technology Innovation Center of Synthetic Biology (sdsynbio-2018PY-
01), Young Scholars Program of Shandong University and the
Fundamental Research Funds of Shandong University (2017TB0010).

CRediT authorship contribution statement

Xiaodan Li: Writing - original draft, Funding acquisition. Xiaofei
Wang: Writing - original draft. Xiangfeng Meng: Conceptualization,
Writing - original draft, Funding acquisition. Lubbert Dijkhuizen:
Conceptualization, Writing - review & editing, Supervision. Weifeng
Liu: Writing - review & editing, Funding acquisition, Supervision.



X. Li, et al.

Declaration of Competing Interest

None.
References

Ahmed, R. Z., Siddiqui, K., Arman, M., & Ahmed, N. (2012). Characterization of high
molecular weight dextran produced by Weissella cibaria CMGDEX3. Carbohydrate
Polymers, 90(1), 441-446.

Amari, M., Arango, L. F. G., Gabriel, V., Robert, H., Morel, S., Moulis, C., ... Fontagne-
Faucher, C. (2013). Characterization of a novel dextransucrase from Weissella confusa
isolated from sourdough. Applied Microbiology and Biotechnology, 97(12), 5413-5422.

Badel, S., Bernardi, T., & Michaud, P. (2011). New perspectives for Lactobacilli exopo-
lysaccharides. Biotechnology Advances, 29(1), 54-66.

Bai, Y., Dobruchowska, J. M., van der Kaaij, R. M., Gerwig, G. J., & Dijkhuizen, L. (2016).
Structural basis for the roles of starch and sucrose in homo-exopolysaccharide for-
mation by Lactobacillus reuteri 35-5. Carbohydrate Polymers, 151, 29-39.

Bergentz, S. E. (1978). Dextran in the prophylaxis of pulmonary embolism. World Journal
of Surgery, 2(1), 19-25.

Bounaix, M. S., Gabriel, V., Robert, H., Morel, S., Rernaud-Simeon, M., Gabriel, B., &
Fontagne-Faucher, C. (2010). Characterization of glucan-producing Leuconostoc
strains isolated from sourdough. International Journal of Food Microbiology,

144(1), 1-9.

Bowen, W. H., & Koo, H. (2011). Biology of Streptococcus mutans-derived glucosyl-
transferases: Role in extracellular matrix formation of cariogenic biofilms. Caries
Research, 45(1), 69-86.

Bozonnet, S., Dols-Laffargue, M., Fabre, E., Pizzut, S., Remaud-Siméon, M., Monsan, P., &
Willemot, R.-M. (2002). Molecular characterization of DSR-E, an a-1,2 linkage-syn-
thesizing dextransucrase with two catalytic domains. Journal of Bacteriology, 184(20),
5753-5761.

Brison, Y., Fabre, E., Moulis, C., Portais, J. C., Monsan, P., & Remaud-Siméon, M. (2010).
Synthesis of dextrans with controlled amounts of a-1,2 linkages using the transglu-
cosidase GBD-CD2. Applied Microbiology and Biotechnology, 86(2), 545-554.

Brison, Y., Laguerre, S., Lefoulon, F., Morel, S., Monties, N., Potocki-Veronese, G., ...
Remaud-Simeon, M. (2013). Branching pattern of gluco-oligosaccharides and 1.5 kDa
dextran grafted by the a-1,2 branching sucrase GBD-CD2. Carbohydrate Polymers,
94(1), 567-576.

Charoenwongpaiboon, T., Supraditaporn, K., Klaimon, P., Wangpaiboon, K.,
Pichyangkura, R., Issaragrisil, S., & Lorthongpanich, C. (2019). Effect of alternan
versus chitosan on the biological properties of human mesenchymal stem cells. RSC
Advances, 9(8), 4370-4379.

Chen, X. Y., Levy, C., & Ganzle, M. G. (2016). Structure-function relationships of bacterial
and enzymatically produced reuterans and dextran in sourdough bread baking ap-
plication. International Journal of Food Microbiology, 239, 95-102.

Chen, X. Y., Woodward, A., Zijlstra, R. T., & Ganzle, M. G. (2014). Exopolysaccharides
synthesized by Lactobacillus reuteri protect against enterotoxigenic Escherichia coli in
Piglets. Applied and Environmental Microbiology, 80(18), 5752-5760.

Ciucanu, I., & Kerek, F. (1984). A simple and rapid method for the permethylation of
carbohydrates. Carbohydrate Research, 131(2), 209-217.

Claverie, M., Cioci, G., Guionnet, M., Schorghuber, J., Lichtenecker, R., Moulis, C,, ...
Lippens, G. (2019). Futile Encounter Engineering of the DSR-M Dextransucrase
Modifies the Resulting Polymer Length. Biochemistry, 58(25), 2853-2859.

Claverie, M., Cioci, G., Vuillemin, M., Bondy, P., Remaud-Simeon, M., & Moulis, C.
(2020). Processivity of dextransucrases synthesizing very-high-molar-mass dextran is
mediated by sugar-binding pockets in domain V. Journal of Biological Chemistry,
295(17), 5602-5613.

Claverie, M., Cioci, G., Vuillemin, M., Monties, N., Roblin, P., Lippens, G., ... Moulis, C.
(2017). Investigations on the determinants responsible for low molar mass dextran
Formation by DSR-M dextransucrase. ACS Catalysis, 7(10), 7106-7119.

Coté, G. L. (1992). Low-viscosity a-D-glucan fractions derived from sucrose which are
resistant to enzymatic digestion. Carbohydrate Polymers, 19(4), 249-252.

Coté, G. L., & Robyt, J. F. (1982). Isolation and partial characterization of an extracellular
glucansucrase from Leuconostoc mesenteroides NRRL B-1355 that synthesizes an al-
ternating (1-6), (1-3)-a-D-Glucan. Carbohydrate Research, 101(1), 57-74.

Coté, G. L., & Skory, C. D. (2012). Cloning, expression, and characterization of an in-
soluble glucan-producing glucansucrase from Leuconostoc mesenteroides NRRL B-
1118. Applied Microbiology and Biotechnology, 93(6), 2387-2394.

Coté, G. L., & Skory, C. D. (2015). Water-insoluble glucans from sucrose via glucansu-
crases: Factors influencing structures and yields. Green Polymer Chemistry: Biobased
Materials and Biocatalysis, 1192, 101-112.

Coté, G. L., Ahlgren, J. A., & Smith, M. R. (1999). Some structural features of an insoluble
a-D-glucan from a mutant strain of Leuconostoc mesenteroides NRRL B-1355. Journal of
Industrial Microbiology & Biotechnology, 23(1), 656-660.

Coté, G. L., Skory, C. D., Unser, S. M., & Rich, J. O. (2013). The production of glucans via
glucansucrases from Lactobacillus satsumensis isolated from a fermented beverage
starter culture. Applied Microbiology and Biotechnology, 97(16), 7265-7273.

Das, D., Baruah, R., & Goyal, A. (2014). A food additive with prebiotic properties of an a-
D-glucan from Lactobacillus plantarum DM5. International Journal of Biological
Macromolecules, 69, 20-26.

Davis, H. M., Hines, H. B., & Edwards, J. R. (1986). Structural elucidation of a water-
insoluble glucan produced by a cariogenic oral Streptococcus. Carbohydrate Research,
156, 69-77.

Dertli, E., Colquhoun, L. J., Cote, G. L., Le Gall, G., & Narbad, A. (2018). Structural
analysis of the a-D-glucan produced by the sourdough isolate Lactobacillus brevis E25.

10

Carbohydrate Polymers 249 (2020) 116818

Food Chemistry, 242, 45-52.

Djouzi, Z., Andrieux, C., Pelenc, V., Somarriba, S., Popot, F., Paul, F., ... Szylit, O. (1995).
Degradation and fermentation of a-gluco-oligosaccharides by bacterial strains from
human colon in vitro and in vivo studies in gnotobiotic rats. The Journal of Applied
Bacteriology, 79(2), 117-127.

Dols-Lafargue, M., Willemot, R. M., Monsan, P. F., & Remaud-Simeon, M. (2001). Factors
affecting a-1,2 glucooligosaccharide synthesis by Leuconostoc mesenteroides NRRL B-
1299 dextransucrase. Biotechnology and Bioengineering, 74(6), 498-504.

Domingos-Lopes, M. F. P., Lamosa, P., Stanton, C., Ross, R. P., & Silva, C. C. G. (2018).
Isolation and characterization of an exopolysaccharide-producing Leuconostoc citreum
strain from artisanal cheese. Letters in Applied Microbiology, 67(6), 570-578.

Emilson, C. G., Nilsson, B., & Bowen, W. H. (1984). Carbohydrate composition of dental
plaque from primates with irradiation caries. Journal of Oral Pathology, 13(3),
213-220.

Fabre, E., Bozonnet, S., Arcache, A., Willemot, R.-M., Vignon, M., Monsan, P., & Remaud-
Siméon, M. (2005). Role of the two catalytic domains of DSR-E dextransucrase and
their involvement in the formation of highly a-1,2 branched dextran. Journal of
Bacteriology, 187(1), 296-303.

Fang, Y., Wu, J., & Xu, Z. K. (2015). Dextransucrase-catalyzed elongation of poly-
saccharide brushes with immobilized mono-/di-saccharides as acceptors. Chemical
Communications (Cambridge, England), 51(1), 129-132.

Faucard, P., Grimaud, F., Lourdin, D., Maigret, J. E., Moulis, C., Remaud-Simeon, M., ...
Rolland-Sabate, A. (2018). Macromolecular structure and film properties of en-
zymatically-engineered high molar mass dextrans. Carbohydrate Polymers, 181,
337-344.

Feng, F., Zhou, Q. Q., Yang, Y. F., Zhao, F. K., Du, R. P., Han, Y., ... Zhou, Z. J. (2018).
Characterization of highly branched dextran produced by Leuconostoc citreum B-2
from pineapple fermented product. International Journal of Biological Macromolecules,
113, 45-50.

Finkenstadt, V. L., Cote, G. L., & Willett, J. L. (2011). Corrosion protection of low-carbon
steel using exopolysaccharide coatings from Leuconostoc mesenteroides. Biotechnology
Letters, 33(6), 1093-1100.

Flodin, P. (1961). Methodological aspects of gel filtration with special eference to de-
salting operations. Journal of Chromatography A, 5(2), 103-115.

Gaborieau, M., & Castignolles, P. (2011). Size-exclusion chromatography (SEC) of bran-
ched polymers and polysaccharides. Analytical and Bioanalytical Chemistry, 399(4),
1413-1423.

Galle, S., Schwab, C., Dal Bello, F., Coffey, A., Génzle, M. G., & Arendt, E. K. (2012).
Influence of in-situ synthesized exopolysaccharides on the quality of gluten-free sor-
ghum sourdough bread. International Journal of Food Microbiology, 155(3), 105-112.

Gan, W., Zhang, H., Zhang, Y., & Hu, X. (2014). Biosynthesis of oligodextrans with dif-
ferent Mw by synergistic catalysis of dextransucrase and dextranase. Carbohydrate
Polymers, 112, 387-395.

Gangoiti, J., Pijning, T., & Dijkhuizen, L. (2018). Biotechnological potential of novel
glycoside hydrolase family 70 enzymes synthesizing a-glucans from starch and su-
crose. Biotechnology Advances, 36(1), 196-207.

Gilmore, K. S., Russell, R. R. B., & Ferretti, J. J. (1990). Analysis of the Streptococcus
downei gtfS gene, which specifies a glucosyltransferase that synthesizes soluble glu-
cans. Infection and Immunity, 58(8), 2452-2458.

Hanada, N., & Kuramitsu, H. K. (1989). Isolation and characterization of the Streptococcus
mutans gtfD gene, coding for primer-dependent soluble glucan synthesis. Infection and
Immunity, 57(7), 2079-2085.

Hellman, N. N., Tsuchiya, H. M., Rogovin, S. P., Lamberts, B. L., Tobin, R., Glass, C. A, ...
Senti, F. R. (1955). Controlled enzymatic synthesis of dextran - conditions for pro-
ducing clinically suitable molecular weight. Industrial and Engineering Chemistry,
47(8), 1593-1598.

Herman, S., Persijn, G., Vandekerckhove, J., & Schacht, E. (1993). Synthesis of dextran
derivatives with thiol-specific reactive groups for the preparation of dextran-protein
conjugates. Bioconjugate Chemistry, 4(5), 402-405.

Inal, S., Nagaki, K., Ebisu, S., Kato, K., & Kotani, S. (1976). Activation of the alternative
complement pathway by water-insoluble glucans of Streptococcus mutans: The rela-
tion between their chemical structures and activating potencies. The Journal of
Immunology, 117(4), 1256-1260.

Irague, R., Rolland-Sabaté, A., Tarquis, L., Doublier, J. L., Moulis, C., Monsan, P., ...
Buléon, A. (2012). Structure and property engineering of a-D-glucans synthesized by
dextransucrase mutants. Biomacromolecules, 13(1), 187-195.

Irague, R., Tarquis, L., André, 1., Moulis, C., Morel, S., Monsan, P., ... Remaud-Siméon, M.
(2013). Combinatorial engineering of dextransucrase specificity. PloS One, 8(10),
Article e77837.

Jeanes, A., Haynes, W. C., Wilham, C. A., Rankin, J. C., Melvin, E. H., Austin, M. J., ...
Rist, C. E. (1954). Characterization and classification of dextrans from 96 strains of
bacteria. Journal of the American Chemical Society, 76(20), 5041-5052.

Jeanes, A., Wilham, C. A., Tsuchiya, H. M., & Haynes, W. C. (1957). Properties of dextrans
isolated from whole cultures at various stages of incubation. Archives of Biochemistry
and Biophysics, 71(2), 293-302.

Kaboli, H., & Reilly, P. J. (1980). Immobilization and properties of Leuconostoc me-
senteroides dextransucrase. Biotechnology and Bioengineering, 22(5), 1055-1069.
Kajala, I., Shi, Q., Nyyssola, A., Maina, N. H., Hou, Y., Katina, K., ... Juvonen, R. (2015).
Cloning and characterization of a Weissella confusa dextransucrase and its application

in high fibre baking. PloS One, 10(1), Article e0116418.

Kang, H. K., Oh, J. S., & Kim, D. (2009). Molecular characterization and expression
analysis of the glucansucrase DSRWC from Weissella cibaria synthesizing a a(1-6)
glucan. FEMS Microbiology Letters, 292(1), 33-41.

Karthikeyan, R. S., Rakshit, S. K., & Baradarajan, A. (1996). Optimization of batch fer-
mentation conditions for dextran production. Bioprocess Engineering, 15(5), 247-251.

Katina, K., Maina, N. H., Juvonen, R., Flander, L., Johansson, L., Virkki, L., ... Laitila, A.


http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0005
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0005
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0005
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0010
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0010
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0010
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0015
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0015
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0020
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0020
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0020
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0025
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0025
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0030
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0030
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0030
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0030
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0035
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0035
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0035
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0040
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0040
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0040
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0040
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0045
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0045
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0045
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0050
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0050
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0050
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0050
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0055
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0055
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0055
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0055
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0060
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0060
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0060
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0065
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0065
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0065
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0070
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0070
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0075
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0075
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0075
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0080
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0080
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0080
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0080
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0085
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0085
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0085
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0090
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0090
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0095
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0095
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0095
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0100
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0100
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0100
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0105
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0105
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0105
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0110
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0110
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0110
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0115
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0115
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0115
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0120
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0120
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0120
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0125
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0125
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0125
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0130
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0130
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0130
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0135
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0135
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0135
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0135
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0140
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0140
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0140
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0145
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0145
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0145
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0150
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0150
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0150
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0155
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0155
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0155
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0155
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0160
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0160
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0160
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0165
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0165
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0165
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0165
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0170
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0170
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0170
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0170
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0175
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0175
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0175
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0180
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0180
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0185
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0185
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0185
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0190
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0190
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0190
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0195
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0195
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0195
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0200
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0200
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0200
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0205
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0205
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0205
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0210
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0210
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0210
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0215
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0215
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0215
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0215
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0220
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0220
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0220
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0225
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0225
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0225
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0225
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0230
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0230
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0230
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0235
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0235
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0235
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0240
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0240
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0240
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0245
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0245
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0245
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0250
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0250
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0255
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0255
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0255
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0260
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0260
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0260
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0265
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0265
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0270

X. Li, et al.

(2009). In situ production and analysis of Weissella confusa dextran in wheat sour-
dough. Food Microbiology, 26(7), 734-743.

Kim, D., & Day, D. F. (1994). A new process for the production of clinical dextran by
mixed-culture fermentation of Lipomyces starkeyi and Leuconostoc mesenteroides.
Enzyme and Microbial Technology, 16(10), 844-848.

Kim, D., Robyt, J. F., Lee, S. Y., Lee, J. H., & Kim, Y. M. (2003). Dextran molecular size
and degree of branching as a function of sucrose concentration, pH, and temperature
of reaction of Leuconostoc mesenteroides B-512FMCM dextransucrase. Carbohydrate
Research, 338(11), 1183-1189.

Kobayashi, M., & Matsuda, K. (1977). Structural characteristics of dextrans synthesized by
dextransucrases from Leuconostoc mesenteroides NRRL B-1299. Agricultural and
Biological Chemistry, 41(10), 1931-1937.

Kok-Jacon, G. A., Vincken, J. P., Suurs, L. C. J. M., Wang, D. N., Liu, S., & Visser, R. G. F.
(2007). Expression of alternansucrase in potato plants. Biotechnology Letters, 29(7),
1135-1142.

Korakli, M., & Vogel, R. F. (2006). Structure/function relationship of homopolysaccharide
producing glycansucrases and therapeutic potential of their synthesised glycans.
Applied Microbiology and Biotechnology, 71(6), 790-803.

Koster, K. H., Sele, V., Schwartz, M., & Sindrup, E. (1957). Blood-volume changes after
infusion of dextran solutions. Lancet, 273(6989), 262-265.

Kralj, S., van Geel-Schutten, I. G. H., Dondorff, M. M. G., Kirsanovs, S., van der Maarel, M.
J. E. C., & Dijkhuizen, L. (2004). Glucan synthesis in the genus Lactobacillus: Isolation
and characterization of glucansucrase genes, enzymes and glucan products from six
different strains. Microbiology, 150(11), 3681-3690.

Kwon, H. J., Kim, J. M., Han, K. L., Jung, E. G, Kim, Y. H., Patnaik, B. B., ... Han, M. D.
(2016). Mutan: A mixed linkage a-[(1,3)- and (1,6)]-D-glucan from Streptococcus
mutans, that induces osteoclast differentiation and promotes alveolar bone loss.
Carbohydrate Polymers, 137, 561-569.

Larm, O., Lindberg, B., & Svensson, S. (1971). Studies on the length of the side chains of
the dextran elaborated by Leuconostoc mesenteroides NRRL B-512. Carbohydrate
Research, 20(1), 39-48.

Leathers, T. D., Naunnally, M. S., & Cote, G. L. (2002). Modification of alternan by novel
Penicillium spp. Journal of Industrial Microbiology & Biotechnology, 29(4), 177-180.

Leathers, T. D., Nunnally, M. S., Ahlgren, J. A., & Cote, G. L. (2003). Characterization of a
novel modified alternan. Carbohydrate Polymers, 54(1), 107-113.

Leathers, T. D., Nunnally, M. S., & Cote, G. L. (2009). Modification of alternan by dex-
tranase. Biotechnology Letters, 31(2), 289-293.

Leemhuis, H., Pijning, T., Dobruchowska, J. M., van Leeuwen, S. S., Kralj, S., Dijkstra, B.
W., & Dijkhuizen, L. (2013). Glucansucrases: Three-dimensional structures, reactions,
mechanism, a-glucan analysis and their implications in biotechnology and food ap-
plications. Journal of Biotechnology, 163(2), 250-272.

Lindberg, B., & Svensson, S. (1968). Structural studies on dextran from Leuconostoc me-
senteroides NRRL B-512. Acta Chemica Scandinavica, 22(6), 1907-1912.

Lombard, V., Golaconda Ramulu, H., Drula, E., Coutinho, P. M., & Henrissat, B. (2014).
The carbohydrate-active enzymes database (CAZy) in 2013. Nucleic Acids Research,
42(Database issue), 490-495.

Lopez, A., & Monsan, P. (1980). Dextran synthesis by immobilized dextransucrase.
Biochimie, 62(5-6), 323-329.

Maina, N. H., Tenkanen, M., Maaheimo, H., Juvonen, R., & Virkki, L. (2008). NMR
spectroscopic analysis of exopolysaccharides produced by Leuconostoc citreum and
Weissella confusa. Carbohydrate Research, 343(9), 1446-1455.

Masumoto, K., Yamashita, K., Yoshida, A., Hayashi, S., Machida, Y., & Nagai, T. (1987).
Production and physicochemical properties of water-insoluble glucan from
Streptococcus mutans. Chemical & Pharmaceutical Bulletin, 35(9), 3813-3821.

Meng, X., Dobruchowska, J. M., Pijning, T., Gerwig, G. J., Kamerling, J. P., & Dijkhuizen,
L. (2015). Truncation of domain V of the multidomain glucansucrase GTF180 of
Lactobacillus reuteri 180 heavily impairs its polysaccharide-synthesizing ability.
Applied Microbiology and Biotechnology, 99, 5885-5894.

Meng, X., Gangoiti, J., Bai, Y., Pijning, T., Van Leeuwen, S. S., & Dijkhuizen, L. (2016).
Structure-function relationships of family GH70 glucansucrase and 4,6-a-glucano-
transferase enzymes, and their evolutionary relationships with family GH13 enzymes.
Cellular and Molecular Life Sciences, 73(14), 2681-2706.

Meng, X., Gangoiti, J., Wang, X. F., Grijpstra, P., van Leeuwen, S. S., Pijning, T., &
Dijkhuizen, L. (2018). Biochemical characterization of a GH70 protein from
Lactobacillus kunkeei DSM 12361 with two catalytic domains involving branching
sucrase activity. Applied Microbiology and Biotechnology, 102(18), 7935-7950.

Mestrom, L., Przypis, M., Kowalczykiewicz, D., Pollender, A., Kumpf, A., Marsden, S. R.,
... Hagedoorn, P. L. (2019). Leloir glycosyltransferases in applied biocatalysis: A
multidisciplinary approach. International Journal of Molecular Science, 20(21).

Miao, M., Bai, A. J., Jiang, B., Song, Y., Cui, S. W., & Zhang, T. (2014). Characterisation of
a novel water-soluble polysaccharide from Leuconostoc citreum SK24.002. Food
Hydrocolloids, 36, 265-272.

Miao, M., Jia, X., Hamaker, B. R., Cui, S. W., Jiang, B., & Huang, C. (2016). Structure-
prebiotic properties relationship for a-D-glucan from Leuconostoc citreum SK24.002.
Food Hydrocolloids, 57, 246-252.

Miao, M., Jia, X., Jiang, B., Wu, S. F., Cui, S. W., & Li, X. F. (2016). Elucidating molecular
structure and prebiotics properties of bioengineered a-D-glucan from Leuconostoc
citreum SK24.002. Food Hydrocolloids, 54, 227-233.

Miao, M., Ma, Y. J., Jiang, B., Huang, C., Li, X. H., Cui, S. W., & Zhang, T. (2014).
Structural investigation of a neutral extracellular glucan from Lactobacillus reuteri
SK24.003. Carbohydrate Polymers, 106, 384-392.

Miao, M., Ma, Y. J., Huang, C., Jiang, B., Cui, S. W., & Zhang, T. (2015). Physicochemical
properties of a water soluble extracellular homopolysaccharide from Lactobacillus
reuteri SK24.003. Carbohydrate Polymers, 131, 377-383.

Miao, M., Ma, Y. J., Jiang, B., Cui, S. W., Wu, S. F., & Zhang, T. (2015). Structural elu-
cidation and in vitro fermentation of extracellular a-D-glucan from

11

Carbohydrate Polymers 249 (2020) 116818

Lactobacillusreuteri SK24.003. Bioactive Carbohydrates and Dietary Fibre, 6, 109-116.

Molteni, L. (1985). Dextran and inulin conjugates as drug carriers. Methods in Enzymology,
112, 285-298.

Monchois, V., Remaud-Siméon, M., Russell, R. R. B., Monsan, P., & Willemot, R.-M.
(1997). Characterization of Leuconostoc mesenteroides NRRL B-512F dextransucrase
(DSRS) and identification of amino-acid residues playing a key role in enzyme ac-
tivity. Applied Microbiology and Biotechnology, 48(4), 465-472.

Monchois, V., Willemot, R.-M., & Monsan, P. (1999). Glucansucrases: Mechanism of ac-
tion and structure-function relationships. FEMS Microbiology Reviews, 23(2), 131-151.

Monsan, P., & Lopez, A. (1981). On the production of dextran by free and immobilized
dextransucrase. Biotechnology and Bioengineering, 23(9), 2027-2037.

Monsan, P., Bozonnet, S., Albenne, C., Joucla, G., Willemot, R.-M., & Remaud-Siméon, M.
(2001). Homopolysaccharides from lactic acid bacteria. International Dairy Journal,
11(9), 675-685.

Moulis, C., Andre, I., & Remaud-Simeon, M. (2016). GH13 amylosucrases and GH70
branching sucrases, atypical enzymes in their respective families. Cellular and
Molecular Life Sciences, 73(14), 2661-2679.

Moulis, C., Joucla, G., Harrison, D., Fabre, E., Potocki-Veronese, G., Monsan, P., &
Remaud-Simeon, M. (2006). Understanding the polymerization mechanism of gly-
coside-hydrolase family 70 glucansucrases. Journal of Biological Chemistry, 281(42),
31254-31267.

Munkel, F., Bechtner, J., Eckel, V., Fischer, A., Herbi, F., Jakob, F., & Wefers, D. (2019).
Detailed structural characterization of glucans produced by glucansucrases from
Leuconostoc citreum TMW 2.1194. Journal of Agricultural and Food Chemistry, 67(24),
6856-6866.

Naessens, M., Cerdobbel, A., Soetaert, W., & Vandamme, E. J. (2005). Leuconostoc dex-
transucrase and dextran: Production, properties and applications. Journal of Chemical
Technology and Biotechnology, 80(8), 845-860.

Neely, W. B. (1958). Studies on the enzyme dextransucrase 1. The effect of pH on enzyme
activity. Journal of the American Chemical Society, 80(8), 2010-2013.

Neely, W. B., & Nott, J. (1962). Dextransucrase, an induced enzyme from Leuconostoc
mesenteroides. Biochemistry, 1(6), 1136-1140.

Nisizawa, T., Imai, S., & Araya, S. (1977). Methylation analysis of extracellular glucans
produced by Streptococcus mutans strain JC 2. Archives of Oral Biolology, 22(4),
281-285.

Olano-Martin, E., Mountzouris, K. C., Gibson, G. R., & Rastall, R. A. (2000). In vitro fer-
mentability of dextran, oligodextran and maltodextrin by human gut bacteria. The
British Journal of Nutrition, 83(3), 247-255.

Ooshima, T., Matsumura, M., Hoshino, T., Kawabata, S., Sobue, S., & Fujiwara, T. (2001).
Contributions of three glucosyltransferases to sucrose-dependent adherence of
Streptococcus mutans. Journal of Dental Research, 80(7), 1672-1677.

Osorio, M. 1., Zuniga, M. A., Mendoza, F., Jana, G. A., & Jimenez, V. A. (2019).
Modulation of glucan-enzyme interactions by domain V in GTF-SI from Streptococcus
mutans. Proteins, 87(1), 74-80.

Palomba, S., Cavella, S., Torrieri, E., Piccolo, A., Mazzei, P., Blaiotta, G., ... Pepe, O.
(2012). Polyphasic screening, homopolysaccharide composition, and viscoelastic
behavior of wheat sourdough from a Leuconostoc lactis and Lactobacillus curvatus
exopolysaccharide-producing starter culture. Applied and Environmental Microbiology,
78(8), 2737-2747.

Passerini, D., Vuillemin, M., Ufarte, L., Morel, S., Loux, V., Fontagné-Faucher, C, ...
Moulis, C. (2015). Inventory of the GH70 enzymes encoded by Leuconostoc citreum
NRRL B-1299 - identification of three novel a-transglucosylases. The FEBS Journal,
282(11), 2115-2130.

Patel, S., Kasoju, N., Bora, U., & Goyal, A. (2010). Structural analysis and biomedical
applications of dextran produced by a new isolate Pediococcus pentosaceus screened
from biodiversity hot spot Assam. Bioresource Technology, 101(17), 6852-6855.

Pearce, B. J., Walker, G. J., Slodki, M. E., & Schuerch, C. (1990). Enzymatic and me-
thylation analysis of dextrans and (1—3)-a-D-glucans. Carbohydrate Research, 203(2),
229-246.

Pettolino, F. A., Walsh, C., Fincher, G. B., & Bacic, A. (2012). Determining the poly-
saccharide composition of plant cell walls. Nature Protocal, 7(9), 1590-1607.

Rao, T. J. M., & Goyal, A. (2013). A novel high dextran yielding Weissella cibaria JAG8 for
cereal food application. International Journal of Food Sciences and Nutrition, 64(3),
346-353.

Richter, A. W., & Hedin, H. I. (1982). Dextran hypersensitivity. Immunology Today, 3(5),
132-138.

Ricketts, C. R. (1952). Dextran sulphate-a synthetic analogue of heparin. Biochemical
Journal, 51(1), 129-133.

Ricketts, C. R., Walton, K. W., Van Leuven, B. D., Birbeck, A., Brown, A., Kennedy, A. C., &
Burt, C. C. (1953). Therapeutic trial of the synthetic heparin analogue dextran sul-
phate. Lancet, 265(6794), 1004-1010.

Robyt, J. F., & Walseth, T. F. (1979). Production, purification, and properties of dex-
transucrase from Leuconostoc mesenteroides NRRL B-512F. Carbohydrate Research,
68(1), 95-111.

Ruhmkorf, C., Bork, C., Mischnick, P., Rubsam, H., Becker, T., & Vogel, R. F. (2013).
Identification of Lactobacillus curvatus TMW 1.624 dextransucrase and comparative
characterization with Lactobacillus reuteri TMW 1.106 and Lactobacillus animalis TMW
1.971 dextransucrases. Food Microbiology, 34(1), 52-61.

Ryan, P. M., Ross, R. P., Fitzgerald, G. F., Caplice, N. M., & Stanton, C. (2015). Sugar-
coated: Exopolysaccharide producing lactic acid bacteria for food and human health
applications. Food & Function, 6(3), 679-693.

Sandra, C., Schwab, C., Dal Bello, F., Coffey, A., Ganzle, M., & Arendt, E. (2012).
Comparison of the impact of dextran and reuteran on the quality of wheat sourdough
bread. Journal of Cereal Science, 56(3), 531-537.

Sarbini, S. R., Kolida, S., Naeye, T., Einerhand, A., Brison, Y., Remaud-Simeon, M., ...
Rastall, R. A. (2011). In vitro fermentation of linear and a-1,2-branched dextrans by


http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0270
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0270
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0275
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0275
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0275
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0280
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0280
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0280
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0280
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0285
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0285
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0285
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0290
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0290
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0290
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0295
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0295
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0295
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0300
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0300
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0305
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0305
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0305
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0305
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0310
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0310
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0310
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0310
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0315
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0315
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0315
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0320
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0320
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0325
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0325
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0330
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0330
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0335
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0335
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0335
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0335
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0340
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0340
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0345
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0345
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0345
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0350
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0350
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0355
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0355
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0355
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0360
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0360
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0360
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0365
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0365
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0365
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0365
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0370
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0370
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0370
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0370
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0375
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0375
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0375
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0375
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0380
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0380
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0380
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0385
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0385
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0385
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0390
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0390
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0390
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0395
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0395
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0395
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0400
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0400
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0400
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0405
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0405
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0405
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0410
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0410
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0410
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0415
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0415
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0420
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0420
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0420
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0420
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0425
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0425
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0430
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0430
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0435
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0435
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0435
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0440
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0440
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0440
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0445
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0445
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0445
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0445
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0450
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0450
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0450
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0450
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0455
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0455
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0455
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0460
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0460
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0465
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0465
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0470
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0470
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0470
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0475
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0475
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0475
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0480
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0480
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0480
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0485
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0485
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0485
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0490
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0490
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0490
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0490
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0490
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0495
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0495
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0495
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0495
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0500
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0500
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0500
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0505
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0505
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0505
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0510
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0510
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0515
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0515
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0515
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0520
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0520
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0525
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0525
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0530
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0530
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0530
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0535
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0535
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0535
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0540
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0540
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0540
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0540
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0545
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0545
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0545
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0550
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0550
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0550
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0555
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0555

X. Li, et al.

the human fecal microbiota. Applied and Environmental Microbiology, 77(15),
5307-5315.

Semyonov, D., Ramon, O., Shoham, Y., & Shimoni, E. (2014). Enzymatically synthesized
dextran nanoparticles and their use as carriers for nutraceuticals. Food & Function,
5(10), 2463-2474.

Seymour, F. R., Slodki, M. E., Plattner, R. D., & Jeanes, A. (1977). 6 unusual dextrans -
methylation structural-analysis by combined GLC-MS of per-O-acetyl-aldononitriles.
Carbohydrate Research, 53(2), 153-166.

Shiroza, T., Ueda, S., & Kuramitsu, H. K. (1987). Sequence analysis of the gtfB gene from
Streptococcus mutans. Journal of Bacteriology, 169(9), 4263-4270.

Shoemaker, W. C. (1976). Comparison of the relative effectiveness of whole blood
transfusions and various types of fluid therapy in resuscitation. Critical Care Medicine,
4(2), 71-78.

Skory, C. D., & Coté, G. L. (2015). Secreted expression of Leuconostoc mesenteroides glu-
cansucrase in Lactococcus lactis for the production of insoluble glucans. Applied
Microbiology and Biotechnology, 99(23), 10001-10010.

Spence, J. H., Higgins, A. R., & Kimmel, J. R. (1952). The clinical effects of dextran as a
plasma volume extender. United States Armed Forces Medical Journal, 3(4), 515-518.

Striegel, A. M., Isenberg, S. L., & C6té, G. L. (2009). An SEC/MALS study of alternan
degradation during size-exclusion chromatographic analysis. Analytical and
Bioanalytical Chemistry, 394(7), 1887-1893.

Tingirikari, J. M. R., Kothari, D., & Goyal, A. (2014). Superior prebiotic and physico-
chemical properties of novel dextran from Weissella cibaria JAG8 for potential food
applications. Food & Function, 5(9), 2324-2330.

Tsuchiya, H. M., Hellman, N. N., Koepsell, H. J., Corman, J., Stringer, C. S., Rogovin, S. P.,
... Jackson, R. W. (1955). Factors affecting molecular weight of enzymatically syn-
thesized dextran. Journal of the American Chemical Society, 77(9), 2412-2419.

Tsuchiya, H. M., Koepsell, H. J., Corman, J., Bryant, G., Bogard, M. O., Feger, V. H., &
Jackson, R. W. (1952). The effect of certain cultural factors on production of dex-
transucrase by Leuconostoc mesenteroides. Journal of Bacteriology, 64(4), 521-526.

Tsumuraya, Y., & Misaki, A. (1979). Structure of the water-insoluble a-D-glucan of
Streptococcus salivarius HHT. Carbohydrate Research, 74, 217-225.

Ueda, S., Shiroza, T., & Kuramitsu, H. K. (1988). Sequence analysis of the gtfC gene from
Streptococcus mutans GS-5. Gene, 69(1), 101-109.

Valette, P., Pelenc, V., Djouzi, Z., Andrieux, C., Paul, F., Monsan, P., & Szylit, O. (1993).
Bioavailability of new synthesized glucooligosaccharides in the intestinal-tract of
gnotobiotic-rats. Journal of the Science of Food and Agriculture, 62(2), 121-127.

van Bueren, A. L., Saraf, A., Martens, E. C., & Dijkhuizen, L. (2015). Differential meta-
bolism of exopolysaccharides from probiotic Lactobacilli by the human gut symbiont
Bacteroides thetaiotaomicron. Applied and Environmental Microbiology, 81(12),
3973-3983.

van Geel-Schutten, G. H., Flesch, F., ten Brink, B., Smith, M. R., & Dijkhuizen, L. (1998).
Screening and characterization of Lactobacillus strains producing large amounts of
exopolysaccharides. Applied Microbiology and Biotechnology, 50(6), 697-703.

Van Geel-Schutten, G. H., Faber, E. J., Smit, E., Bonting, K., Smith, M. R., Ten Brink, B., ...
Dijkhuizen, L. (1999). Biochemical and structural characterization of the glucan and
fructan exopolysaccharides synthesized by the Lactobacillus reuteri wild-type strain
and by mutant strains. Applied and Environmental Microbiology, 65(7), 3008-3014.

van Leeuwen, S. S., Kralj, S., Eeuwema, W., Gerwig, G. J., Dijkhuizen, L., & Kamerling, J.
P. (2009). Structural characterization of bioengineered a-D-glucans produced by
mutant glucansucrase GTF180 enzymes of Lactobacillus reuteri strain 180.
Biomacromolecules, 10(3), 580-588.

van Leeuwen, S. S., Kralj, S., van Geel-Schutten, I. H., Gerwig, G. J., Dijkhuizen, L., &
Kamerling, J. P. (Kralj et al., 2008a). Structural analysis of the a-D-glucan (EPS180)
produced by the Lactobacillus reuteri strain 180 glucansucrase GTF180 enzyme.
Carbohydrate Research, 343(7), 1237-1250.

12

Carbohydrate Polymers 249 (2020) 116818

van Leeuwen, S. S., Kralj, S., van Geel-Schutten, I. H., Gerwig, G. J., Dijkhuizen, L., &
Kamerling, J. P. (Kralj et al., 2008b). Structural analysis of the a-D-glucan (EPS35-5)
produced by the Lactobacillus reuteri strain 35-5 glucansucrase GTFA enzyme.
Carbohydrate Research, 343(7), 1251-1265.

van Leeuwen, S. S., Leeflang, B. R., Gerwig, G. J., & Kamerling, J. P. (2008). Development
of a '"H NMR structural-reporter-group concept for the primary structural char-
acterisation of a-D-glucans. Carbohydrate Research, 343(6), 1114-1119.

Vidal, R. F., Martinez, A., Moulis, C., Escalier, P., Morel, S., Remaud-Simeon, M., &
Monsan, P. (2011). A novel dextransucrase is produced by Leuconostoc citreum strain
B/110-1-2: An isolate used for the industrial production of dextran and dextran de-
rivatives. Journal of Industrial Microbiology & Biotechnology, 38(9), 1499-1506.

Vuillemin, M., Claverie, M., Brison, Y., Severac, E., Bondy, P., Morel, S., ... Remaud-
Simeon, M. (2016). Characterization of the first a-(1—3) branching sucrases of GH70
family. Journal of Biological Chemistry, 291(14), 7687-7702.

Vuillemin, M., Grimaud, F., Claverie, M., Rolland-Sabate, A., Garnier, C., Lucas, P., ...
Moulis, C. (2018). A dextran with unique rheological properties produced by the
dextransucrase from Oenococcus kitaharae DSM 17330. Carbohydrate Polymers, 179,
10-18.

Waldherr, F. W., Doll, V. M., Meissner, D., & Vogel, R. F. (2010). Identification and
characterization of a glucan-producing enzyme from Lactobacillus hilgardii TMW
1.828 involved in granule formation of water kefir. Food Microbiology, 27(5),
672-678.

Walker, G. J., & Pulkowni, A. (1973). Degradation of dextrans by an a-1,6-glucan glu-
cohydrolase from Streptococcus mitis. Carbohydrate Research, 29(1), 1-14.

Walker, G. J., Cheetham, N. W. H., Taylor, C., Pearce, B. J., & Slodki, M. E. (1990).
Productivity of 4 a-D-glucosyltransferases released by Streptococcus sobrinus under
defined conditions in continuous culture. Carbohydrate Polymers, 13(4), 399-421.

Wangpaiboon, K., Padungros, P., Nakapong, S., Charoenwongpaiboon, T., Rejzek, M.,
Field, R. A., & Pichyangkura, R. (2018). An a-1,6-and a-1,3-linked glucan produced
by Leuconostoc citreum ABK-1 alternansucrase with nanoparticle and film-forming
properties. Scientific Reports, 8.

Wangpaiboon, K., Pitakchatwong, C., Panpetch, P., Charoenwongpaiboon, T., Field, R. A.,
& Pichyangkura, R. (2019). Modified properties of alternan polymers arising from
deletion of SH3-like motifs in Leuconostoc citreum ABK-1 alternansucrase.
Carbohydrate Polymers, 220, 103-109.

Wenham, D. G., Davies, R. M., & Cole, J. A. (1981). Insoluble glucan synthesis by mu-
tansucrase as a determinant of the cariogenicity of Streptococcus mutans. Journal of
General Microbiology, 127(2), 407-415.

Wiater, A., Choma, A., & Szczodrak, J. (1999). Insoluble glucans synthesized by cario-
genic streptococci: A structural study. Journal of Basic Microbiology, 39(4), 265-273.

Wiater, A., Szczodrak, J., & Pleszczynska, M. (2005). Optimization of conditions for the
efficient production of mutan in streptococcal cultures and post-culture liquids. Acta
Biologica Hungarica, 56(1-2), 137-150.

Xu, L., & Zhang, J. (2016). Bacterial glucans: Production, properties, and applications.
Applied Microbiology and Biotechnology, 100(21), 9023-9036.

Yamashita, Y., Bowen, W. H., Burne, R. A., & Kuramitsu, H. K. (1993). Role of the
Streptococcus mutans gtf genes in caries induction in the specific-pathogen-free rat
model. Infection and Immunity, 61(9), 3811-3817.

Yang, Y., Galle, S., Le, M. H. A,, Zijlstra, R. T., & Ganzle, M. G. (2015). Feed fermentation
with reuteran- and levan-producing Lactobacillus reuteri reduces colonization of
weanling pigs by enterotoxigenic Escherichia coli. Applied and Environmental
Microbiology, 81(17), 5743-5752.

Zannini, E., Waters, D. M., Coffey, A., & Arendt, E. K. (2015). Production, properties, and
industrial food application of lactic acid bacteria-derived exopolysaccharides. Applied
Microbiology and Biotechnology, 100(3), 1121-1135.


http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0555
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0555
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0560
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0560
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0560
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0565
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0565
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0565
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0570
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0570
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0575
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0575
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0575
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0580
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0580
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0580
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0585
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0585
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0590
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0590
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0590
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0595
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0595
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0595
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0600
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0600
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0600
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0605
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0605
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0605
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0610
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0610
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0615
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0615
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0620
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0620
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0620
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0625
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0625
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0625
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0625
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0630
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0630
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0630
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0635
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0635
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0635
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0635
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0640
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0640
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0640
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0640
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0645
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0645
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0645
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0645
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0650
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0650
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0650
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0650
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0655
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0655
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0655
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0660
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0660
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0660
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0660
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0665
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0665
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0665
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0670
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0670
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0670
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0670
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0675
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0675
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0675
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0675
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0680
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0680
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0685
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0685
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0685
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0690
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0690
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0690
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0690
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0695
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0695
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0695
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0695
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0700
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0700
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0700
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0705
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0705
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0710
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0710
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0710
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0715
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0715
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0720
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0720
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0720
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0725
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0725
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0725
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0725
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0730
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0730
http://refhub.elsevier.com/S0144-8617(20)30991-7/sbref0730

	Structures, physico-chemical properties, production and (potential) applications of sucrose-derived α-d-glucans synthesized by glucansucrases
	1 Introduction
	2 Brief overview of analytical methods for characterization of α-d-glucans produced by glucansucrases
	3 Dextran
	3.1 Structure of dextran
	3.2 Physico-chemical properties of dextran
	3.3 Production of dextran
	3.4 Application of dextran

	4 Other α-d-glucan polysaccharides synthesized by GH70 glucansucrases and branching sucrases from sucrose
	4.1 Mutan
	4.2 Reuteran
	4.3 Alternan
	4.4 Highly branched α-d-glucans synthesized by GH70 branching sucrases

	5 Prospectives
	Funding information
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References




